Background. The ability to make early therapeutic decisions when treating invasive aspergillosis using changes in biomarkers as a surrogate for therapeutic response could significantly improve patient outcome.
Invasive fungal diseases caused by Aspergillus species are a persistent public health problem [1] [2] [3] . Therapeutic options are few and limited by toxicity, an incomplete spectrum of antifungal activity, and acquired drug resistance [4] [5] [6] [7] [8] . Treatment is initiated when tissue damage is established, usually evidenced by radiographic abnormalities. Assessing the response to therapy at the bedside is difficult. Clinical signs and symptoms are nonspecific and radiological abnormalities may paradoxically deteriorate despite otherwise successful therapy [3] . Thus, ways to objectively monitor the response to antifungal therapy and make rational therapeutic choices would significantly improve antifungal stewardship and potentially improve clinical outcomes.
The widespread use of galactomannan (GM) detection and quantification has improved the speed and accuracy of a diagnosis of invasive aspergillosis (IA). Serum GM is often detectable prior to the onset of clinical signs and symptoms of infection [2, 3] and has been used as a surrogate for therapeutic response [9] [10] [11] . A decline in GM or GM negativity has been linked to clinical outcomes [12] [13] [14] [15] . However, interpretive criteria used to direct therapeutic decision making are lacking.
To identify an early pattern of GM index (GMI) change that could guide therapeutic decision-making for patients increasing the likelihood of survival and successful outcome, we analyzed serial GMI from patients treated in a randomized, double-blind trial (SECURE) in the treatment of IA or other filamentous fungi. We also analyzed a subset of isavuconazole-treated patients who had available isavuconazole plasma concentrations and serial GMI to evaluate the pharmacokinetic/pharmacodynamic (PK/ PD) relationship with a goal to identify a drug-exposure target that can be used for individual patients.
METHODS

Study Design
Patients from the SECURE trial (NCT00412893), a phase 3, randomized, double-blind study comparing isavuconazonium sulfate to voriconazole for the treatment of invasive mold disease caused by Aspergillus species or other filamentous fungi, were eligible [16] . The evaluation of the use of GM as a biomarker was prespecified as an exploratory objective. Patients from the modified intent-to-treat (all patients receiving study drug with proven or probable invasive mold infections, as determined by an independent blinded data review committee) population who had a positive baseline serum GMI (optical density ≥0.5) plus 1 or more postbaseline (>day 7) GMIs were included. Patients were eligible for the PK/PD analysis if plasma samples were collected to enable an estimate of isavuconazole plasma exposure.
Eligibility criteria for the main trial are detailed elsewhere [16] . Patients randomized to the isavuconazole group received the prodrug, isavuconazonium sulfate, as a loading regimen intravenously (IV) over days 1 and 2 at a dose of 372 mg (equivalent to 200 mg of isavuconazole) every 8 hours, followed by a maintenance dose of 372 mg once daily, given either IV or orally. Voriconazole patients received 6 mg/kg IV twice daily on day 1 followed by 4 mg/kg IV twice daily on day 2. From day 3 onward, voriconazole was administered as an IV infusion (4 mg/kg twice daily) or orally (200 mg twice daily). The patients were treated for up to 84 days.
Outcome Measurements
The primary efficacy outcome measure was all-cause mortality through day 42. Secondarily, overall response at the end of therapy (EOT) as evaluated by the data review committee was assessed. Successful overall response was defined as a composite of complete or partial clinical and radiological response, plus a mycological response of eradication or presumed eradication. The response criteria are detailed elsewhere [16] .
GM Measurements
Protocol-defined serum samples were drawn at screening, on days 1, 2, 14, 28, 42, 84, and at EOT. Samples drawn on an ad hoc basis were included. In total, 1347 GMI values were available with 114 around day 7 (±1 day) (Supplementary Figure 1) . A central laboratory analyzed protocol-defined samples, while ad hoc samples were analyzed locally. Specimens were stored at -20°C until shipped to the central laboratory (Eurofins Global Central Laboratory, Chantilly, Virginia) and assayed using Platelia Aspergillus enzyme immunoassay from Bio-Rad Laboratories according to the manufacturer's instructions. The total interassay variability, according to the instructions, ranged from 6.8% to 29.2% for samples.
Pharmacokinetics
Blood samples were collected on treatment days 7, 14, and 42 and at EOT. Collection was targeted 24 hours after the start of the infusion or the oral dose the previous day (ie, trough concentration). Full 24-hour profiles were obtained from a subset of 8 patients. After collection, samples were processed immediately and stored at −80°C until shipment to the central research laboratory. Isavuconazole (BAL4815) concentrations in plasma samples were measured retrospectively using a validated liquid chromatography-tandem mass spectrometry method as previously described [17] . Voriconazole concentrations were not measured.
PK/PD Analysis
A population PK/PD model was fitted to the data to describe the relationship between dose, drug exposure, and the timecourse of GMI. Pmetrics was used for all model fitting [18] . Modeling proceeded in a stepwise fashion because a stable solution could not be obtained when the PK and PD were co-modeled. Both 1-and 2-compartment PK models that included an absorptive compartment were initially examined and distinguished [17] . The Bayesian posterior estimates for each patient's PK were obtained. These PK parameter values were then fixed for each patient to enable their PD to be estimated. Subsequently, the mean Bayesian posterior estimates were used to calculate the area under the concentration-time curve (AUC) for each patient. The average AUC was calculated by dividing the AUC for the entire dosing duration by the total number of days on therapy. Because minimum inhibitory concentration (MIC) was not available, we used a newly described PD index (AUC:EC 50 ) to estimate drug exposure in individual patients [19] . The EC 50 is the concentration of drug that causes half-maximal antifungal killing. The relationship between AUC:EC 50 and the terminal GM was described using an inhibitory sigmoid maximum effect (E max ) model.
Statistical Analysis
The risk of death through day 42 as a function of the change in GMI at days 7 and 14 was estimated using a Cox proportional hazards model. The overall response by EOT was analyzed using a logistic regression model for change in GMI. Not all individuals had GMI measured at each day; therefore, to calculate the above GMI changes, the GMI value of each individual per day was predicted from a joint event-time and longitudinal GMI model. Mortality through day 42 and overall response at the EOT included time to death and time to dropout, respectively, as the event-time outcome in each joint model. Dropout was defined if overall response was assessed prior at 84 days. Joint models are effective methods compared with classical linear mixed models to assess longitudinal GMI data. Two data sources of data are modeled simultaneously so that the underlying dependence between the longitudinal GMI and event-time is explicitly acknowledged [20] [21] [22] . The joint model consisted of a linear model with individual-level intercept, slope, and quadratic terms in the random-effects model for the time course of GMI and Cox proportional hazard model for the event-time and took the form:
where y t i ( ) are longitudinal GMI at time t, X is the covariate for treatment (1 = isavuconazole; 0 = voriconazole) with regression parameter β 2 , β 0 and β 2 are population-level (fixed) intercept and slope parameters, respectively, U are the corresponding random effects, ε accounts for measurement error in the time course of GMI, γ allows the association between GMI and event-time, and l t ( ) is the hazard rate of event. We used joineR library in R language to fit joint models. For both assessments, we analyzed the total population primarily and then compared the 2 treatment groups. Prior to the analysis, the baseline comorbidities were reviewed to evaluate for any imbalances between the isavuconazole and voriconazole populations.
RESULTS
Overview of Patient Characteristics
The original study included 527 patients, with 185 intentto-treat patients (71%) having positive baseline serum GMI [16] . Of these, 158 modified intent-to-treat patients (79 isavuconazole-treated and 79 voriconazole-treated) were available. Seventy-eight of the isavuconazole-treated patients with plasma concentrations were eligible for the PK/PD subanalysis. The patient demographics and baseline characteristics are summarized in Table 1 . The isavuconazole-treated patients included numerically more patients with hematological malignancies, allogeneic hematopoietic stem cell transplant, use of T-cell immunosuppressants, use of corticosteroids, and neutropenia at baseline. The median white blood cell count at baseline was lower (0.3 vs 0.4 × 10 9 cells/L; P = .0152); however, this difference is not likely clinically relevant. Baseline median GMI in the isavuconazole group was significantly lower (0.8 vs 1.2; P = .0011). Except for a significant difference in gender (P = .0022), the remaining demographics were similar between the 2 treatment groups. The efficacy outcomes for the 2 groups were comparable to the primary study analyses [16] . However, the numerical differences in the outcomes were reflective of the higher number of immunosuppressed patients in the isavuconazole group (Table 2 ).
Change in GMI by Survival Status Through Day 42
The joint event-time longitudinal model predicted the day 7 GMI very closely compared to measured values in the subset of subjects with available data (Pearson correlation coefficient = 0.90; P = .0001) (Supplementary Figure 2A-E) , increasing confidence about the associations between day 7 GMI change and outcomes, even if day 7 GMI was not measured in all patients. GMI steadily increased for the patients who died. The values for the patients who survived remained below 1.0, steadily declining during therapy (Figure 1 ). Changes in GMI by day 7 (ie, model-predicted day 7 GMI minus baseline GMI) for the patients who died ( Figure 2A ) were more positive than for those who survived ( Figure 2B) . A 3-and 1.7-fold increase in the risk of death was found for each unit increase in GMI from baseline to day 7 (hazard ratio [HR], 3.008; 95% confidence interval [CI], 1.993-4.541; P < .0001) and day 14 (HR, 1.69; 95% CI, 1.368-2.087; P < .0001), respectively. If GMI was treated categorically, an increase in GMI by day 7 of >0.25 GMI units from baseline increased the overall risk of death nearly 10-fold higher than those patients with GMI changes ≤0.25 at day 7. The change in GMI of >0.25 from baseline to day 14 predicted an overall 8-fold risk of death (HR, 8.37; 95% CI, .120-3.748; P < .0001).
Because of differences in the underlying comorbidities between the 2 treatment groups, we focused the analysis on the total population of patients rather than compare the 2 treatment groups. In patients who died, the GMI was higher among isavuconazole-treated patients (Figure 3 ). Neutropenia was assessed using a linear mixed-effects model for the longitudinal measures of GMI with an interaction term between neutropenia and drug arms. No prominent differences were found between drugs, neutropenic status, and GMI over time (P = .1127).
Change in GMI by Overall Response at the End of Therapy
The GMI at the EOT was also higher in patients who failed therapy compared to those with a successful overall response (Figure 4) . For GMI increases of 1 unit from baseline to day 7, the odds of successful overall response were reduced by half. Conversely, if the GMI decreased 1 unit by day 7, the success rate more than doubled (odds ratio, 2.154; 95% CI, 1.173-3.955). If the GMI decreased by >0.25 units, the successful overall response was increased by approximately 43% compared to that if GMI increased, although this change was not significant (P = .0704). By day 14, the success rate decreased by 35.5% for every unit increase in GMI (P = .0318). If the GMI decreased by >0.25 units, the success rate increased by approximately 21% compared to that if GMI increased, although this change was not significant (P = .2360).
PK/PD Characteristics of Isavuconazole-Treated Patients
Seventy-eight isavuconazole-treated patients with positive baseline GMI had plasma concentrations and serial GMIs during therapy available for the PK/PD analysis. A 1-compartment model with an absorptive compartment fit the data well. Visual inspection of the observed vs predicted concentration values was acceptable. The coefficient of determination (r 2 ) of predictions based on median Bayesian posterior parameter values for each subject was 0.829 and estimates of bias and imprecision were also acceptable (0.164 and 1.04, respectively). The Bayesian posterior parameter estimates from the population PK model were calculated for each patient and included as fixed covariates in the data file. The fit of the linked PK/PD model to the data was good (Supplementary Data). The coefficient of determination of the linear regression of observed-predicted values (r 2 ) after the Bayesian step was 0.859. Visual inspection of the observed-vs-predicted concentrations were acceptable and measures of bias and imprecision were reasonable (-0.155 and 0.328, respectively). The parameter estimates from the final model for PK and PD are summarized in Supplementary Table 1 .
The relationship of the exposure to the predicted GMI at the EOT is shown in Figure 5 . An AUC:EC 50 of 108.6 or more resulted in a GMI <0.5. No relationship between change in GMI by day 7 or GMI at the EOT and average exposure (AUC ave ) was demonstrated, consistent with previous analyses [23] . 
DISCUSSION
We demonstrated that early changes in GMI (within 1 week) are significantly linked to clinical response and mortality. An increase in GMI after 1 week of therapy of >0.25 GMI units is associated with an approximate 10-fold increased risk of death compared to patients who had no change from baseline, decreased GMI, or had an increase of <0.25 units. Based on the Platelia GM assay performance, 0.25 units is within the range of interassay variability. However, our results suggest that this threshold of response by day 7 is predictive of clinical response and mortality. Moreover, for any 1-unit increase in GMI baseline to day 7, the risk of mortality increases 3-fold. These results can now be used in a prospective study examining GM for directing antifungal therapy. If by the end of week 1 of treatment the GMI is increasing and is >0.25 above the baseline value, treatment could be modified. All-cause mortality in SECURE was 19.4% [16] . In this subset, the rate was similar (17.7%); however, the number of deaths was just over a quarter of the number in the original study (28 vs 100 patients). Even with smaller numbers, the P values describing the significance of GMI change by day 7 in predicting outcome are quite low, suggesting that attributable mortality associated with IA as per increasing GMI is relatively high.
This analysis is consistent with previous studies in which serial GMI measurements were correlated with patient outcomes. A meta-analysis of >20 studies showed that a negative GMI within 1 week of outcome assessment is highly correlated with survival and successful outcome (alive or death without findings of aspergillosis at autopsy) [14] . Most reports have consistently reported that increasing GMI during therapy correlates with unsatisfactory clinical responses or mortality [12, 13, 15, [24] [25] [26] [27] . In contrast to another analysis of a clinical trial where a correlation was found for OR but not for 12-week survival [26] , we report that a change in GMI by the end of week 1 was significantly higher for patients who died through day 42 and in patients who had a failure in overall response at the EOT. In our study, a GMI change of >0.25 at 2 weeks was significantly associated with mortality but not overall response. In each analysis, the association of GMI changes by day 14 was not as strong as day 7. As per Chai et al [26] , status of the underlying disease and comorbidities are increasingly powerful determinants of the final outcome with the passage of time.
Together with clinical care of patients with IA, these findings will be helpful for designing and assessing clinical trials of new anti-Aspergillus agents in GM-positive patients. An increasing GMI of >0.25 after the first week of therapy could be validated as an early marker of ultimate clinical failure and trigger a change in therapy, the addition of another agent, or an increase in dosage. A GMI <0.5 of >2 weeks' duration was highly correlated with successful response and this has been proposed as a potential clinical trial endpoint [12] . We did not find a specific GMI cutoff value that linked with outcome at the end of week 1. Rather, our analyses suggested that early stabilization of GMI was highly correlated with an increased likelihood of successful outcome and survival, suggesting that an individual patient may not require absolute negativity of their GMI early in therapy to achieve ultimate therapeutic success.
For the subset of patients with isavuconazole concentrations, we estimated the AUC:EC 50 that results in a negative GMI at the EOT. We were unable to define a relationship between traditional measures of drug exposures (eg, minimum concentration [C min ] and AUC) and either clinical response or survival [28] . Our inability to identify a threshold of exposure (eg, AUC ave ) linked with response (change in GMI) could be because the regimen used in the trial provided exposures above those where thresholds are detectable (ie, drug exposures had already elicited maximal antifungal responses).
We used a newly described PD index of AUC:EC 50 for our analysis because the MIC is rarely available for patients with IA. The EC 50 is the estimated in vivo drug concentration that is required for half maximal antifungal killing. The EC 50 requires some skills in PK/PD modeling and is estimated directly from the data rather than in the laboratory. It is an in vivo MIC where the patient declares what drug concentrations are required to adequately treat his or her individual disease. The AUC:EC 50 provides an alternative way of evaluating the exposure-response relationships in the absence of a MIC for the invading pathogen, provided a biomarker, such as GMI, exists to determine the response of the organism to the drug concentrations.
Beyond drug, factors such as impaired host function, persistent neutropenia, dosage and duration of corticosteroids, immunosuppressive therapies, graft-vs-host disease, and concomitant infections (eg, cytomegalovirus viremia) could drive poor outcomes. These factors cannot be accounted for in model equations. Thus, the results should be interpreted carefully.
In conclusion, our analyses suggest that early trends in GMI are highly predictive of the ultimate therapeutic outcome. Increases in GMI by the end of the first week after therapy could trigger a change in treatment. Further validation is required to determine if the results hold. Such information may improve the likelihood of improved clinical responses and survival for a disease for which therapeutic outcomes remain persistently suboptimal.
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